The last decade has seen an important role of container terminals in the global trade centers. By another point of view, the high cost of quay cranes on the other hand is a motivation for a set of real-world problems including of Quay Crane Assignment Problem (QCAP) and the Quay Crane Scheduling Problem (QCSP) in the hotspot of research. The main innovation of this proposal is to integrate both QCAP and QCSP to improve Quay Crane (QC) performance by an optimization goal, i.e., QCASP. A real case study in Iran has been applied to validate the proposed problem which has been formulated by a mixed integer linear programming (MILP). Due to inherent complexity of problem proposed in the real-world cases, the Teaching-Learning-Based-Optimization (TLBO) algorithm has been used to find an optimal/global solution in a reasonable time. The applied TLBO has been tuned by Taguchi method and validated in small instances in comparison with an exact method. The computational results show that our proposed TLBO algorithm can solve QCASP, especially in large size instances, successfully. Finally, some managerial implications are recommended to consider the benefits of proposed methodology and the high-efficiency of the algorithm regarding the real case study presented. displacement in the terminal area. Therefore, the objective is to optimally allocate the cranes to the vessel. The third problem is the scheduling of the quay cranes, which determines a processing sequence given for each crane in order to minimize loading/unloading time of the ship. Considering that QCAP and QCSP have many similarities, they have been combined over and over again, which can increase the efficiency of the seaside operations. The assignment of QCs is effective in determining the sequences of QCs, thus the quay cranes can become more effective in the integration of the QCSP and QCAP [3] .
Introduction and literature review
The container terminals were established in the late 1960s to accommodate container ships traveling between Europe and the United States. The use of containers in carrying the goods has many advantages, such as less packaging, easier and quicker loading and unloading, lower cost, as well as faster transfer of the goods from the ship to the road trucks or rail trains. This has increased maritime shipping and plays an important role in international trade. Container ports and terminals that accommodate vessels and provide connections to the rest of the world play a vital role in the maritime transport network. In order to reduce costs, shippers are always looking for more economical size of containers, building larger vessels for long journeys, and improving facilities and technology for the service ships [1] .
Around the world, services provided at the terminals involve the loading and unloading of goods from/to the vessels and from/to the storage yard and vice versa. Operations that take place before the containers reach the storage yard, are seaside operations and those activities that occur after the storage of the container in the area are called yardside operations [2] .
Because of the high cost of establishing berths and their equipment, the main focus is placed on optimizing the activities of berths and their equipment, such as quay cranes. The first problem of a terminal is to assign a berth location and time of service to a vessel. The second problem is to assign the quay cranes to the ships. The greater the number of cranes assigns to a vessel, the shorter the loading/unloading time of the vessel will be, however, too many cranes allocated to a vessel can be led to their interference and density of Table 1 shows a summary of previous studies. It is noteworthy to mention that, apart from the study of Al-Dhaheri and Diabat [2] , none of the papers considered the balance across the ship bays. On the other hand, the problem of the contractor selection out of several contractors has not yet been raised. Generally speaking, to fill the literature gaps and highlight the main innovations of this paper, following list is provided:
 A novel optimization model to formulate the Quay Crane Assignment Problem and Quay Crane Scheduling Problem is developed in which multiple contractors with different characteristics are responsible for loading or unloading of vessels.  A Teaching and Learning Based-Optimization (TLBO) algorithm based on the specific solution structure which provides the problem constraint handling possibility to solve the proposed mathematical model is applied.  To check the validation of proposed algorithm, an exact solver is utilized to solve the small instances.  A real case study in Shahid Rajaee port of Iran is introduced for the first time and implementation results of integrated mathematical model in this study on this port are analyzed accordingly.
The remainder of this paper is organized as follows. Section 2 presents problem description, assumptions, notations, and mathematical formulation of the problem. Section 3 discusses the solving algorithms. Section 4 provides computational results. Sections 5 includes managerial insights. Finally, Sections 6 concludes the paper.
Problem definition:
Here, we firstly describe the main definitions of proposed problem along with its assumptions. Then, all notations are given and eventually, a novel optimization model is proposed.
Problem description and assumptions
It is a common practice in the seaside operations to partition each ship into a number of bays in which there are a number of containers. The bays are indexed in ascending order from left to right. At any moment, each crane can only be assigned to one bay for loading/unloading of containers, which means that each crane can load/unload a container at any moment. Since all cranes move on one rail, it is important to keep in mind that the cranes do not physically collide with each other. To prevent collisions, the cranes are indexed in ascending order from left to right. Cranes with a smaller index should not be placed on the right side of the cranes with a higher index. This can be seen in Figure 1 . For example, if QC 1 of the first contractor is assigned to the second bay of the first ship, QC 2 of the first contractor cannot be assigned to the first bay of the first ship, as it leads to interference in the cranes.
Many studies have considered the processing on just one vessel, but in this study, a multi-vessel situation is considered, which is more compatible with the real world situations.
Most papers have considered the non-preemption constraint, which means that no crane can be moved until processing has been completed on a ship's bay. In other words, the crane can move only when its work on the current bay is over. Since this limitation does not exist in the real world, it is not addressed in this study, and therefore there are better answers to the problem.
Another limitation of much of the existing research is the unidirectional movement of the quay cranes, which forces all cranes to move in one direction and not backwards. In this paper, this limitation has been eliminated, and the crane has the advantage of moving even before the completion of the activities of a bay, and if necessary, can be returned to that bay. Therefore, in this study, cranes can move freely to the left and right (bidirectional move) so that they do not collide with each other.
Considering the safe margin between cranes in the real world, they can be easily added to the model. When the vessels are partitioned into a number of bays, a safe distance between the two bays can be considered virtually, so a safe margin has not been considered in this study.
The existence of different contractors, each with a number of quay cranes, has many advantages for the terminal. The competitive environment among contractors makes them try to increase the number of cranes, and the quality of their services and equipment, as well as lower their prices. In this research, it is assumed that each contractor has a different number of cranes, and the performance rate of each contractor varies. Also, in this model, it is assumed when a vessel docks, the berth closes a contract with a contractor for loading/unloading of the vessel that incurs the fixed costs of closing the contract and allocating the crane. Then, for each time unit, the crane is used for processing (loading or unloading), and the port incurs variable costs. Since in the proposed model, the objective function minimizes the total incurred costs, the cost of moving the cranes between the ship bays prevents the cranes from being displaced between bays as much as possible. As a result, less time is spent on displacing the cranes across the bays. Thus, in this study, the time spent on displacing the cranes across the ship bays is ignored, while moving cost is considered.
As the allocation of QCs to ship bays should not interfere with their assignment, the contractor's assignment to the ship must also be such that the contractors do not interfere with each other's task. The exact same method used to prevent crane interference is used to prevent contractor interference in this study, too. In other words, all contractors are indexed in in ascending order from left to the right according to their position in the berth, and contractors with a smaller index should not be placed on the right side of contractors with a higher index. For example, as shown in Figure 1 , if the second contractor is assigned to the first vessel, first contractor cannot be assigned to the second vessel. Moreover, a soft time window is set to determine the time allowed for loading/unloading the ships, and the profit from the earliness penalties due to tardiness in completing the ship's processing are included in the model.
The main assumptions in these explicit forms are as follows:
 Each vessel is partitioned into several bays.  Each vessel is assigned to a maximum of one contractor for servicing.  Each ship bay is allocated to a maximum of one crane for loading/unloading.  The crane activity can be loading or unloading.  Consider multiple contractors for assigning to vessels.  Each contractor runs and operates several quay cranes  The performance rate of each contractor's crane is varying with that of another.  Consider soft time window to serve each ship.  Preemption is allowed.  Cranes can move freely to the left and right (Bidirectional is allowed).  Several time periods are considered.  The cost of moving cranes between the ship bays is considered.  Creating balance in the number of remaining containers on each ship bay has been considered. Table 2 defines the sets, parameters, and decision variables used in the formulation of the problem. 
Notations
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In this model, the objective function (1) in all vessels minimizes the sum of difference in the remaining workload on both bays of the ship, in addition, it prevents the allocation of cranes to ship bays in the subsequent time periods. It also minimizes the costs related to assigning the contractor, displacing the cranes between bays, deviating from due date and processing (loading or unloading) on each vessel, while also maximizing the profit from earliness. Since the objective function is nonlinear, it is converted to a linear relation with the aid of Eqs. (30), (31), (32) and (33) , which will be explained in more detail. Constraint (2) shows that each crane of each contractor is assigned at any time to a maximum of one ship bay. Constraint (3) shows that each ship bay can be serviced by at most one crane of one contractor at any given time. Constraint (4) ensures that the number of cranes assigned to each bay is sufficient to complete the operation on that bay. With the help of constraints (5) and (6) , the inventory level of ships bays is calculated for all time periods. By using constraints (7) and (8) interference in allocation to the ships bays. The indexing of ship bays and cranes is arranged in ascending order based on their position, so that, it is not allowed to place a high index crane on the left side of lower index crane. Constraint (13) prevents interference of contractors with their ship assignments. Similar to the constraint (12) , the indexing of contractors and ships is arranged in ascending order according to their position. Constraint (14) indicates that if the contractor q is not assigned to the vessel m, there is no possibility of assigning cranes of contractor q to the vessel m, and if the contractor q is assigned to the vessel m, the cranes of the contractor q can be assigned to the vessel m. Constraint (15) indicates that each contractor can be assigned to at most one vessel, and constraint (16) ensures that each vessel is assigned exactly to one contractor for servicing. Constraints (17) and (18) In order to linearize the objective function, we rewrite the objective function (1) as (30) and add constraints (31) to (33) to it.
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In the above formulation, the same as Equation (1), the first term in the objective function has been used to minimize workload difference and create a balance across all bays in all vessels; the second term prevents the allocation of the cranes to the ship bays in the subsequent time periods, and the third to seventh terms minimize other costs and maximize profit. This formulation method for describing the problem makes the programming model linear and constraints (31) and (32) are added to the problem. Constraint (33) determines the range of the decision variable.
Solution procedure
The last decade has seen a rapid development of metaheuristics along with their applications in different engineering trends [27] . As already applied to solve similar complicated optimization problem, the Teaching-Learning-Based Optimization (TLBO) Algorithm has been never applied in this research area. This reason motivates us to propose the TLBO inspired by the teaching and learning process to solve the proposed integaretd optimization model. It is one of the newest intelligent optimization algorithms [28] , [29] . This algorithm has the lowest possible number of parameters, and in this regard, it has a special privilege. We first explain the teaching and learning algorithm and then introduce the structure of each solution or each student in the algorithm.
To explain the algorithm, assume two different teachers, T 1 and T 2 , teach the same subject with the same content in two different classes with an equal learning level. It is assumed that the grades obtained by the students follow the normal distribution, so that σ 2 represents the variance, μ denotes the mean and x refers to the value for the normal distribution function. The normal distribution is defined as Equation (34):
In Figure 2 , curves 1 and 2 illustrate students' marks in two classes taught and evaluated by T 1 and T 2 . Since a good teacher yields a better average for his/her students' results, and in this Figure, the average curve 2 differs greatly from the mean curve 1, the second teacher's students have better marks than the first teacher's. So T 2 performed better than T 1 during his / her teaching period.
In the above process of learning, a mathematical model is prepared and implemented to optimize a nonlinear and nonconvex function, thus developing a new technique called Teaching-Learning-based optimization (TLBO). Suppose that, in curve A, M A is the average marks obtained by students of a class and the most intelligent person in the population is selected as a teacher. So in the best condition, the performance of the best student is similar to that of the teacher, as shown in Figure 3 by T A . As the average grade of the class increases with increasing teacher abilities, the teacher tries to spread his knowledge among students in order to raise their mean marks. As the learning level increases, the M A transcends M B . T A attempts to increase the mean scores of the students from M A to M B , in the next step, the students need a new teacher who has the ability to be superior to them. In this example, T B has the best performance in curve B and can be considered as a new teacher.
Like all other nature-inspired algorithms, the TLBO is a population-based algorithm. The TLBO population is a group of students or a classroom. Because in optimization algorithms, the population consists of various variables for problem solving, the different designed variables in the TLBO are compared through various responses proposed by the students, and the result of the interaction of each student with a good student is compared as another solution based on optimization techniques, resulting in the best solution as a teacher.
The TLBO process is divided into two parts. The first part is the teacher's phase and the second part is the student's phase. Both are explained below. Figure 4 shows the general pseudo-code of the teaching and learning algorithm.
The higher average mark depends on a good teacher. A good teacher is the one who makes his students reach his professional level during studying. But in reality this is not possible and a teacher can only move the average knowledge of the class students according to the ability of the class. This is a random process that depends on a number of factors.
If in iteration i, M i denotes mean and T i teacher, the teacher will try to move the mean in such a way that it reaches his level, so we will name the new mean T i as M New . The update process is done according to the difference between the new and existing mean as follows.
These changes update the existing solution as follows.
Increasing learners' knowledge can be reviewed from two different angles, one through the teacher and the other through interactions between students. A learner is interacting randomly with other learners through group discussions, communication, etc. A student can learn new things from another classmate if this student has more knowledge than the first student.
Learners can raise their knowledge through the teacher and through interactions between themselves, such as group discussion, communication, etc. If a student has a higher level of knowledge, other students can learn from him.
Solution structure representation
As a metaheuristic, it is essential to define an encoding plan to implement the solution of proposed TLBO [31] [32] [33] [34] [35] . The structure of the solution presented in this paper consists of three rectangular matrices ( Fig. 5 ). Each contractor with his cranes is shown with the same color and bays of each vessel are shown with the same hachure.
The first matrix, called matrix P, is a random permutation of numbers one to q max in max 1 q  dimension, and determines the contractor assigned to each vessel, which is determined at the beginning of the time horizon.
Since each vessel must be assigned exactly to one contractor, max m , the first separated gene, is arranged in ascending order from left to right and assigned to the vessels. max q and max m represent the number of contractors and vessels, respectively. It should be noted that contractors assigned to vessels will be fixed until completion of loading/unloading operations of vessels. The second matrix, called the matrix K, is random binary numbers in I represents the number of each contractor's cranes. This matrix determines the cranes assigned to each bay of each vessels that, in each time period, the contractors' cranes that have been selected are separated and assigned to bays that cranes must be assigned to them in accordance with the matrix K . Then, in order to avoid the interference among the assigned cranes, the indexes of cranes are arranged in ascending order and allocated to the ship bays.
The designed solution structure satisfies all the constraints of the problem, except constraint (4). To satisfy the constraint (4), we used a penalty. The computational terms included
For example, assume five contractors and three vessels. Because of a random solution, a student assigns a contractor to the vessel ( Figure 6 ). In this example, based on the matrix P, the first contractor is assigned to the first vessel, the third contractor to the second vessel, and the fifth contractor to the third vessel. If each vessel has three bays, the first row in the matrix K is a random solution representing that during the first period the cranes have been assigned to the first and second bays of the first ship, to the first bay of the second ship, and to the first, second, and third bays of the third vessel. As shown in the above example, the first to fifth contractors have three, three, four, three, and four cranes, respectively. In Figure 6 , the matrix J is a random solution for the problem. In this example, the cranes of 1 to 3 belong to the first contractor, cranes 7 to 10 belong to the third contractor, and cranes 14 to 17 belong to the fifth contractor. First, the selected contractors' cranes are assigned to the ships bays according to matrix J order. Then, the cranes of each ship bays are arranged in ascending order and thus the possibility of interference between the cranes allocated to each vessel is eliminated.
The randomized solution obtained from student decoding for the first time period is shown in Figure 7 .
Also, the random solution obtained for assigning contractors and cranes to vessels and bays during the first time period is shown in Figure 8 . Result and discussion:
In this section, first, the parameters of the TLBO algorithm were calibrated, then the performance of the QCASP model presented by the TLBO algorithm was investigated and finally, a case study and sensitivity analysis were presented.
Parameter tuning:
One of the important decisions in the metaheuristic algorithms is to caliber the optimal values for the influential parameters [4] , [36] . Although full factorial experiments are a comprehensive method for examining the effect of various parameters on the performance of metaheuristic parameters and are used most frequently, when the number of factors increases significantly, their process becomes very complicated, this method cannot do efficiently in this situation [31] . To reduce the number of experiments required, Fractional factorial experiments (FFEs) have been developed. FFEs only examine a portion of all possible combinations to estimate the most influential factors and some of their interactions [32] .
The less data needed in the experimental design, the less the time and cost will be spent to implement it. The data required for an experiment is a function of the number of experiment states and the amount of data needed for each situation. Another criterion that should always be considered in designing experiments is the amount of information collected from the experiments [34] [35] [36] [37] [38] . An experimental design should be such that enough or relatively sufficient information is collected about the field under study. An optimal experiment design provides the data and information needed for performing analysis and achieving optimal conditions with the least number of experiments [38] [39] . Data analysis method is also effective in choosing the optimal design. An optimal method of data analysis is a method that achieves the optimal combination of factors with the least data. The Taguchi standard orthogonal array designs with a relatively low amount of data and relative accuracy in estimating both the optimal point and effect of factors have been the most practical use so far. Therefore, in this study, Taguchi method is used to set the parameters and the results are shown in Table 3 [34] [35] [36] [37] [38] .
Each example of different combinations from the factor level has been solved three times and the obtained mean has been used for the analysis. . We also displayed the assignment of contractors to vessels. For example, in the first problem and in both solving methods, the first contractor is assigned to the first vessel, the third contractor to the second vessel and the fifth contractor to the third vessel as shown in the assignment column of Appendix D.
Each example is solved 20 times by the TLBO algorithm, and then the best OFV and other values are reported.
The results from B&B and TLBO are shown in Appendix D. Based on the results of small scale instances, one-way analysis of variance (ANOVA) is used to compare the mean responses at 95% confidence level via Minitab software. Figure 10 shows the results of ANOVA and since the P-value is greater than 0.05, there is no significant difference between the results obtained from the TLBO algorithm and the exact solution method. Figure 11 shows that the values of the objective function obtained from the exact method and the proposed algorithm are very close together. As shown in Appendix D, the TLBO function is significantly faster than B&B algorithm, and thus in the large scale problems that B&B is unable to optimally solve the problem in an acceptable time, the proposed algorithm can achieve the near optimal solution much faster.
Case study:
In this section, we present a real case in Shahid Rajaee port of Iran. The assumptions considered in this port are such that four vessels 1, 2, 3 and 4 are berthed in this port, which have four, four, five, and three bays, respectively. They anchored to load 20-feet containers. Because the load type and the load density of containers are not the same and also the destination of the cargo in each ship bay is different, the containers are not distributed equally in the bays (Table 4 ). On the other hand, there are six contractors 1, 2,3,4,5 and 6, which have four, four, five, four, three and five cranes, respectively. In container terminals, the cranes are busy working day and night, so in this case, each time period is considered to be 24 hours with a maximum number of 20 time horizontal. λ ijj՛ qm includes the costs of relocating the cranes between ship bays and opening the hatch of each bay and placing it on the other bay of ship and reclosing the hatch. Parameters of the problem are shown in Table 4 .
As a result of the problem solving, the first contractor is assigned to the first vessel, the second contractor to the second vessel, the fourth contractor to the third vessel and the fifth contractor to the fourth vessel. Furthermore, the cranes of each contractor are assigned to the ship bays. Cranes that are not working are shown with thinner rectangles. The allocation of the selected cranes to ships in the first time period is schematically shown in Figure 12 , and other allocations in the subsequent time periods in the bay-time charts are shown in Figure 13 .
We displayed each contractor with a different color, and its cranes with the same color but lighter. As shown in Figure 13 , loading operations are completed in 13 days for the first vessel, 10 days for the second vessel, 14 days for the third vessel, and 10 days for the fourth vessel. Some cranes are out of order at times to create a balance between the ship bays and prevent the crane interference or congestion.
The application of this algorithm under the above mentioned parameters can be led to o optimization process whose convergence diagram is depicted in Figure 14 . A view of Shahid Rajaee port is shown in Figure 15 .
Sensitivity analysis:
In this section, sensitivity analysis has been done to investigate the effect of workload variable in ship bays (ω jm ) on the objective function value, as well as the completion time of each vessel. The sensitivity analysis was performed on the case study and the value of ω jm is within 0.75
1.25
jm jm        interval and increases 0.05 each time. Table 5 presents the variations in the target function and completion time of ships.
As shipping loads increase at ship bays, relocating and displacing cranes between ship bays, deviations from the delivery time and processing time of cranes per each vessel rise, resulting in increased costs and value of objective function (Figure 16 ).
On the other hand, we expect that by increase in the workload of loading/unloading in the ship bays, the required time for loading and unloading vessels increases, but this will not happen in some circumstances. For example, as shown in Figure 17 , with an increase in load from 1.05 ω jm to 1.1 ω jm , the completion time of the second and fourth vessels decreased. Since the goal is to reduce costs, in some cases the reduction of other costs, such as the cost of the difference in the remained load on the ships bays and the cost of the cranes relocation between the bays, can be led to a greater improvement in the value of the objective function. Therefore, although the ship's completion time has increased and there may be a delay, the total cost has been further reduced. Also, since each crane has at least one period of time on a bay, it may finish its work on the bay earlier and be idle until the end of that period. In this situation, with a slight increase in the load on that bay, the crane will no longer be idle, and eventually the time of completion of the vessel remains constant. For example, in Figure 17 , by increasing the load from 0.9 ω jm to 0.95 ω jm , the completion time of vessels 3 and 4 has remained fixed.
Managerial insights
In general, the problem of allocating and scheduling cranes is used for terminal management. Optimal use of resources improves the terminal performance and results in greater customers' satisfaction. The model presented in this paper follows the following objectives:
 Choosing of a good contractor by considering the position of the contractor's cranes to the vessel in such a way that interference with other contractors is not created,  choosing of the good contractors with regard to their performance rates, fixed cost of closing the contract with contractor and variable cost of using cranes,  Proper allocating of contractor cranes to the ships bays so that cranes do not interfere with each other.  Considering the priority of servicing ships by considering to due date, tardiness penalty, and the benefits of the completion of each ship  Considering the cost of moving cranes between the ships bays which leads to simply not displacing of cranes, unless an imbalance between the ships bays has been developed.
Conclusion:
In this research, QCAP and QCSP are addressed simultaneously, which leads to improved QC performance, and consequently, an increase in the efficiency of the terminals. Many of the constraints and characteristics of terminals in the real world such as preemption, non-crossing, free movement of cranes to the left and right, etc. have been considered in this paper. Since various contractors with different number of quay cranes have different performance operation rates at the harbor, the contractor's choice is considered based on their situation, performance rate, and costs in this research. The proposed mathematical model solved a problem with real parameters related to Shahid Rajaee port in Iran with TLBO algorithm. To test the accuracy and verification of the proposed model and the TLBO performance, some instances were solved in small size. The obtained results show an acceptable difference between the optimal answer obtained from the B&B method and the proposed TLBO algorithm in term of the objective function value, which is a promising result. At the last but not the least, the TLBO algorithm approaches the near-optimal solution in an acceptable time. Finally, a set of managerial implications has been proposed to improve the drawbacks of proposed case study by using the considered methodology. This study opens several new research directions for future papers. From the respect of modeling approach, several real constraints can be added into the model. For instance, considering multi-truck and multi-door of proposed problem is a good idea. There is no study on the sustainability aspect of proposed system. Other real-cases can be applied to utilize the benefits of proposed methodology. Regarding the proposed solution algorithm, other powerful and recent metaheuristics can be examined with the proposed TLBO to compare the high-efficiency of presented results. Proposing some new variants of TLBO may be a good continuation of current research, as well.
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